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COMPUTER SIMULATION OF THE TRANSIENT-STATE OF
VELOCITY EXTRACTION DRYING EQUIPMENT

Basil G. Kaskaras

1. Introduction

This work represents an attempt to complete a computer program that will
simulate the operation of a Whirlpool washer dryer laundry appliance. A suc-
cessful simulation program will enable the elimination of costly prototype test-
ing. The program at hand is flexible enough to allow the programming of dif-
ferent configurations of the components that make up the system. My task was
to evaluate the work already in existence, establish the validity of the steady-
state solution, and proceed into the transient-state operation of the'éystem,

(Fig. 1).
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2. Simulation Method

In writing a program that will simulate a complicated system, care must be
taken to make the program general enough to allow for future modifications. The
program at hand is of a general nature. It is based on the following logic:
suppose that the system is working at an initial level of operation (steady state)
at time equal to zero, as defiﬁed by the physical factors affecting the total
performance, such as geometry of the components, fluid medium characteristics,
and other parameters. This is the instant corresponding to the starting of the
machine. Suppose now that over a period of time following zero time an e;ternal
excitation occurs, such as an instantaneous decrease in the quantity of fluid
flow. This may be due to a decrease of the inflow nozzle area at the perforated
plate location, caused by the turning around of the clothes in the drum. This
decrease in fluid flow will affect the system, causing a decrease in the power
and efficiency of the blower and a pressure rise across this same component.

It will similarly affect all other components of the machine (see Ref. 8).

Any excitation in the drum, therefore, causes a sweeping change in the system.
'This change proceeds from component to component (starting with thé component
immediately connected to the drum, such as the nozzle in Fig. 1, and ending with
the one just before reentrance into the drum, such as the heater in Fig. 1) in
small time intervals until it has affected the whole system. At this point, the
system has reached a second steady state of operation that is certainly different
than that at time zero.

We see then that the system goes through a steady-transient-steady sequence

of states over time. The exact nature of the transient response is not known.



It may have any of the forms shown in Fig. 2 or any other. Knowledge of this
exact nature, however, is not necessary for the purposes of this computer pro-
gram although it certainly is desirable. To simulate this transient state, an

approximatioh method has been devised.

STEADY
STATE

STEADY
STATE

TIME ’

Fig. 2. Steady-transient steady-state
representation curve.

It is understood that any subsequent excitation will result in another transient
state followed by another sﬁeady state, and so on, for as long as the system is
working. This is the time if takes to dry the clothes. Thus the overall transient
stafe of'the system is approximated by determining the conditions in the system
at subséqueht instants of time as affected by the turning around of the clothes
in the drum that cover or uncover larger or smaller portions of the perforated

plate ares at these subsequent time instants.

3. Work Breviously Compiled and Present Effort
At the start of this project, a great deal of analytical and programming
material was already available, having been compiled by former graduate students,

D. Lane, V. Wedeven, and J. Robinson (see U of M student project reports O7L9L-2-P



and O749L-%-P). The outcome of that work was a quite well-shaped computer pro-
gram.

In the beginning of the present effort, the program was fed into the computer
and compilation was achieved along with some initial calculations that led to a
solution for the steady-state operation of the system. Obviously, there was no
card punch error and the program was in accordance with the computer language
(MAD) requirements. I began by making an evaluation of the flow diagram and
rechecking the analytical work.

The flow diagram was Jjudged to be good even though it could be written dif-
ferently. However, such an effort was considered to be of no real value as it
would lead only to neatness not simplicity. The system simulated by it is too
complicated to be described by a simple procedure.

A very general flow diagram is shown in Fig. 3 (for a more detailed diagram
see Ref. 8). 1In Fig. 3, the box calling for the determination of a new perforated
plate area clearly indicates the need for another computer program which will
provide the present computer program with a new inlet area at each subsequent
instant of time. (For such a program see Robert Rice's report.)

Equation errors, found by checking the analytical work, may be due to three
factors: errors due to lack of care in transferring from the literature to the
program, derivation errors, and errors due to unit conversion factors. All
three types of errors were encountered in this program at various points and
corrected. Only that part of the theoretical work that was found to be incorrect
appears below, superceding the work done by the previously mentioned students.
That part of the work that checked correctly with their work will not be repeated

here ag it can be located in their reports.
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4., Analytical Study

A. PIPES
Adiabatic flow with friction in pipes is considered. Gas flow through a
pipe or constant area duct is analyzed subject to the following assumptions:
1. Perfect gas (constant specific heats).
2. Steady one-dimensional flow.
3. Adiabatic flow (no heat transfer through walls).
4. Constant friction factor over length of pipe.
5. Effective pipe diameter D is four times hydraulic radius (cross-secticned
area divided by perimeter).
6. Elevation changes are unimportant as compared with friction effects.
7. No work added to or extracted from the flow.
The controlling equations are continuity, energy, momentum, and the equation
of state. The momentum equation must include the effects of wall shear stress

and is conveniently written for a segment of duct of length dx (Fig. 4):

dp du
- + —= 9 - S - A + — 6 -
PA - (p ™ x) A - T_nDdx pVA(V T 0% V)

'TB1T[)€5X
-

AL i (pdRdx)A
PA —p ba— dx vadV S«

Fig. L. Segment of duct of length d,.



Upon simplification

dp + ADTO dx + pvVav = 0 (P. 1)

Since T, = pr2/8, where T is the Darcy-Weisbach friction factor,

2
dx + pVdv = 0 (p. 2)

f
dp + v

For constant I, or average value over the length of reach, this equation may be

transformed into an equation for x as a function of Mach number. Dividing Eq.

<P° 2) by p,

dp = £ V2 oV
— 4 — = + =
p "0 p XD av

!
o
e
W
N

each term is now developed in terms of M. By definition M = V/c

v o= w222 (P. k)
or

V2

%— = kM7 (p. 5)

for the middle term of the momentum equation. By rearranging Eq. (P. L)

Now to express dV/V in terms of M, from the energy equation

V2
hO = h + 5 T c T + 5 (P. 7)

Differentiating



dT + vdv = 0
Cp A

By dividing through by V® = MZKRT

C

Since
Sp_ k_
R k-1
get
T = MELT

Differentiating V2 = MPKRT and dividing by the equation,

v _ , M, 4T

Eliminating dT/T in Eqs. (P. 9) and (P. 10) and simplifying

am
& oW
L |
(e

which permits elimination of dV/V from Eq. (P. 6) yielding

dM
(==)M2+1
2
And finally, to express dp/p in terms of M, from = = oRT and G = oV
pv = GRT

By differentiation

(p. 8)

(P.

(P.

(P.

10)

11)

12)

13)



dp
P
Equations (P. 9) and (P. 11) are used to eliminate dT/T and dV/V:

2
dp = - (e (P. 1k)
E-lyy2,

p ( 5
Equations (P. 5), (P. 12), and (P. 1k) are now substituted into the momentum
equation (P. %). After rearranging,

2(1-13)

i [(h )

f
T dx dMm

k+1l dM
- K T (P. 15)

Ml ()

1}
=
Tl&

which may be integrated directly. By using the limits x = 0, M = M,, x 5 L,

M= M,
fL 1M k+1 MZ
“D“:‘EM?] - =% In 1 (P. 16)
M, (2)M1
or,
I, 1 /1 1 k+1 M k-1)M3+
8D | el oy
D K\M= M 2k M/ (k-1)M_5+2
From Ref. L4, p. 224
2 2
P A
D 2g 2g
Therefore
kk
L = (k) (D) %(D) (p. 18)

10



For computer adaptation of Eq. (P. 17), in accordance with the half-interval

technique, the equation becomes

gL 1/1 1 <>(k1)M2+2' ,
[DIMAC] 5 = % Qog v 2k (D)W 2r (P. 19)

It is therefore possible to calculate the downstream pressure pp, using the relation

~RT 1/2
= T—a 1‘”-—-—————-——02 \\ (P O)
Pz Mo | k-l o) + 2
where,
My = downstream mass rate of flow
T02 = gtagnation temperature
Ms> = downstream Mach number
R = perfect gas constant
k = specific heat ratio
The following relations also hold:
To
Ty = ———&—— (p. 21)
k-1
1+ =M
2
P
= -2 P. 22
P2 RT, ( )
k-1 k/k-1
Pop = Pall + =5~ Mg%) (P. 23)
Vo = coMo (P 2L|-)
where
co = “kgRTo . (P. 25)

11



On the other hand, for rough pipes the following equations apply

while for s

where

D =

f =
B. HEATERS

1 Yo
\7‘}' = 1.74 + 2 logig &

;Lo 1 P2y®
mooth tubes

0.3052
f = 0.00357 +_—é—_075_5

(2 Rey)
K, 1 k+1 k+1)M°
T = -1+ (k)l

2[1+5M7]

hydraulic diameter

friction factor

(P.

26)

27)

28)

29)

For turbulent flow (Rey > 6000) over banks of tubes regardless of whether

they are staggered or arranged in-line, the equation

h D
0020550<max>
ke

film coefficient of heat transfer

outside diameter
fluid thermal conduchivity

Prandtl number

12



il

He fluid viscosity

Gmax mass velocity at minimum area, (£om/hr-£+%)
holds in reality, provided that the tube bundle has ten or more transverse rows.
The values of the empirical coefficient cy depend on the tube arrangement and

the Réynolds number.

The frictional pressure drop in me/ft2 for flow over a bank of tubes is

given by
2 .
ap f'Gmax N uS)O 1h (H. 2)
A Amor ey U .
p(2.09x10%) ‘Hy
where
p = mass density, /me/f‘“t',:3
' = empirical friction factor
N = number of transverse rows
g = fluid viscosity of the stream
Hy = fluid viscosity of the fluid at the wall
For staggered tube arrangements and Rey > 1000
-0.16
G D
0.118 max c>
' = |O0. + = . H.
25 57D 17,08 ( iy (H. 3)
Do

For in-line tube arrangements and Rey > 1000

' -0.15
0.08 s1/Dg (Gma.xDﬁ
f! 0.04k + (H. L4)
- n
50D 0.43+1,13 DO/SL b
DO/>

By definition, the following relat ions hold:

lo N = (uCp/ke) = Prandtl number

13



0. 3, = (B& /3 - Golburn J factor
H % Mor

where
oo Mo
Ac nD=
DG
3 Rey = L= Reynolds number
' h
b, N = —gg = Nussel®t number
nu Kf
5. £ = ((ap/1)/(G®/2gDp)) = friction factor

where g. = conversion factor = 32.17 (ftmlbm/lbfmsecg)

%? = frictional pregsure drop per unit length

For flow normal to banks of staggered tubes, 2000 < Rey < 3.2 x lOLP

jg = 0.33 Rey O™ (H. 5)

where the fluid properties are evaluated at the mean film temperature Ty = O°5<Tb+Tw)‘

For flow normal to banks of tubes in-line, 2000 < Rey < 3.2 x lOlL

Jg = 0.26 ReyOch (H. 6)

where the fluid properties are again evaluabed ab TMo

For flow across staggered tubes, Rey > 1000, the friction factor is

“’l.oO8 ""Oul6 <
£ = [1 + 0.470 (xT—l) ] Rey (He 7)
where
x = transverse pitch _ ST
T tube outside diameter HoDO(N)

1k



For flow across in-line tubes, Rey > 1000

£1 = [0.176 + 0.32 Xy (Xp-1)™") Rey 12 (H. 8)
where
¥ = longitudinal pitch _ SL
L tube outside diameter HDO(N)

n = 0.43 + ELE)
L

The definition of longitudinal and transverse pitch is illustrated in Fig. 5.

-Longitudinal pitch

Flow

—————

direction :: :’:
Transverse ———

pitch l
Longitudinal pitch
A—l—‘ Minimum flow area
I
Transverse
pitch

E%&WAVAﬂ'

Fig. 5. Definition of longitudinal and transverse
pitch (a) for tubes in-line and (b) for staggered-
tube arrangement.
Since the Calrod heater actually used in the Whirlppol appliance under study

can be represented by a staggered tube type of heat exchanger, the appropriate

equations are used in the computer program.

15



5. Computer Program Subroutines

A, SOLVE SUBROUTINE

This subroutine is used to sclve for the Mach number at a point if the fol-

lowing quantities are known at that point:

stagnation temperature, stagnation

pressure, ares, and mass rate of flow. The following relations are known to be

true:

Equation (S.

c = N KRTg
v
M = 7
_ k-1 =) (k/k"l)
P, = P(1+ S M )
_ k-1 .2
T, = T(1 + 5 M )
p = pRT
m = pVA
3) gives:
el (k/%=-1)
P = P(1+ =5 M=) = PRT(1 +
L k-1 o, (k/k-1)
= 7 RT(1 + 5 M )
e — RT(1 + k-1 MZ)(k/k_l)
A/ kRTg 2

16

k-1 o
7 M

)

(k/k-1)



1 [R T k-1 o, (k/k-1)
%HMJ;‘; f; (1 + 5 )

(1 + =he)
- r——— k-1 (k+1)/2(k-1)) v
= (1 + =5 M) (5. 1)
since
k1 _ _kH
k-1 72 7 2(k-1)
where
m = mass rate of flow
A = area
V = velocity
p = deﬁsity
R = gas constant
T = temperature
T, = stagnation temperature
PO = ghtagnation pressure
M = Mach number
k = speclfic heat ratio

For listing, see the Appendix. This function also incorporates the half-interval

approximation technique as explained in this report.

B. CAIMAC SUBROUTINE
The derivation of this function is given here for clarification purposes.

This subroutine is used to solve for the Mach number at a point if the following

17



quantities are known at that point: stagnation temperature, pressure, area, and

mass rate of flow. The following relations hold:

Se
1

pVA

From solve subroutine 1 have:

P, = P(l+-—-—2—-

Consequently,

Squaring both sides and transposing, get

k-1
[1+5=M] ¥ = (7p)
or

k-1 w 2 RT
(Z7) m* + 2 - (33)

_°
kg

where the symbols are the same with those used in the SOLVE function.

18
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6. Approximation Methods

The large number of idealized equations used in this program will, of course,
lead into results that are not close to actual test data within the‘required
accuracy. Consequently, approximation techniques are needed thaf will compel the
program to give accurate results. The half-interval technique is usablé hére
when one of the quantities involved in aﬁ equation is unknown and is to be cal-
culated so that the equation is true within specified limits of'accuracy. The
solution is found by means of an iteration looping. Example:

Assume that we have the equation A = B where one of the factors b Qf the
right member B is unknown. Also assume that for our purposes thé equal sign of

the equation must hold true within 2% of accuracy, that is,
.98 A =B

and b is known to be a number within the interval X...Y. Then by setting

b (1) = X
b(2) = Y
b (3) = 22

the equation .98 A = B will be satisfied after a certain number of iterations.
In this program, approximately ten such iterations are being used.
For an actual application of the above approximation procedure, see the

SOLVE function in the Appendix.

19



7. Need For Experimental Data

Certainly experimental data should be made available for purposes of comparisin
with the program output. At the present time, the lack 5f such data is not a
critical factor since the program output values are undcubftedly incorrect. In
the future, however, convergence of the program output within reasonable values
will make the necessity for experimental data increasingly obvious. Such daba
will afford a check at each instant of time at every lccation of interest within

the system.

8, Conclusicn

This program presents the same hazard that all such large programs present.
That 1s, since the result of each equation ig used in a large nunber of other
equations for simultaneous solution of the system, in a chain reacticn manner,
an error at one point may later become highly magnified, thereby making the pro-
gram incorrect and futile. Consequently, when the small deviation frox reallty
of the idealized equations used in the program is ftaken into account, it is not
expected that the program will approach accurate values. Therefore, 1t is neces-
sary to use approximation techniques that will compel the program to produce resultbs
that are close to experimental values within tolerable limits of accuracy. The
degree of agreement of the computer program results with experimental values will
dictate whether or not the program will (1) eliminate costly prototype testing,
(2) simply give an indication of wha® is happening in the system, or (3) be of

no value at all.

20



9. Term Dictionary (For a Complete Listing See Ref. 8).

ALPAM - parameter used in pipe calculations

DFRI - para@eter used in pipe steady-state analysis

DIMAC - error measure in pipe Mach number calculations

N - location in system between two consecutive co@ponents

SCONC - parameter in SOLVE function

21
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INVESTIGATION OF CLEANING METHODS FOR HOME DISHWASHERS

James C. MeCall

1. Introduction

It would be advantageous if a dishwasher could he built that might be
smaller, cost less, require less power, handle more materials, clean better,
clean faster, aor clean in less time, or accomplish many of the above. This
project involved the investigation of cleaning methods that would hopefully
be better in some of the above aspects.

The following paper is a presentation of all the work that led to the
design, construction, and operation of a water impact dishwasher that could
handle solid "abrasives" to create more mechanical scrubbing action. All
the work is presented, hoping it may be of benefit to the reader.

At the beginning of the project it was decided that a thorough investi~
gation be done on all present-day cleaning methods. Later one would be picked
to be built and tested, but at no time would limitations of power, cost, and
size be considered in the investigation or selection of any cleaning method.
The feasibility of building a successful dishwasher using each type of clean-
ing method was also considered. On the basis of feasibility, water impact,
emulsion, and solvent .dishwashers were proposed for selection of one to be
built and tested. The water impact system with the additive was selected.

It should be realized that most information available on cleaning refers
to assembly~line parts cleaning. The information presented here will be con-
sistent with that available, but these methods are certainly adaptable to
cleaning dishes.

2. Problem

The problem chosen for this project was to study all cleaning methods that
might be useful for cleaning dishes and then select one to be built and tested.
The dishwasher need not be conventional in any respect and it could conceivably
clean only certain types of dishes with certain soils. This way the dishwasher
could concejvably clean only pots and pans in a separate compartment that could
eventually be incorporated with a conventional dishwasher. Cost, power, and:
size were not considered as factors since they could be handled at a later time

25



if such further work is considered desirable or necessary. Only the ability
to clean and the_feasibility and practicality of building and testing one in
the laboratory were considered.

3. Information on Cleaning Methods

A. IMPACT CLEANING

Impact cleaning includes any type of mechanical scrubbing action achieved
by impact of particles and/Or fluids. The conventional dishwasher is included
in this, but its cleaning action is largely due to the chemical action of the
detergent. Hence, it is more of a chemical cleaner than impact cleaner. '

Impact cleaning is done with many abrasives including sand, steel grit,
steel shot, mud, synthetic or artificial abrasives, rubber slugs, and sawdust.
(15:144-151)* Fluids include air, steam, and water.

Sand is a good abrasive that-can give a mild scrubbing action. When con-
sidering an impact system that uses a mechanical scrubbing action, one must be
careful not to overrate the mechanical scrubbing action and assume that it will
damage materials such as those found in kitchenware. Most sand blasters ac-
tually use an artificial abrasive that is much more abrasive than sand. Sand
is used to clean delicate artwork and is almost the universal abrasive for
glass,. vitralite, china, etc. (15:132) To give glass a fine frosting, it is
necessary to resort to steel grit, (15:132)

Vibratory finishing, included in impact cleaning, generally uses a barrel
that contains an abrasive and the parts to be cleaned. Rotary and vibratory
motion creates a scrubbing action that is good for ceramic and plastic parts.
The vibratory motion is created by offset weights or shafts where the ampli-
tude is controlled by the weight. Water can be added to create a more mild
scrubbing action and chemical compounds can also be incorporated. (1231h1-1L2)

B. SOLVENT CLEANING

Solvents are often used to clean parts either by a dip tank method or by
a spray system similar to the type of action used in a dishwasher. Solvents
can be used hot or cold and are often reclaimed by distillation.

*This notation is used to refer to the reference in the bibliography found at
the end of this paper. The first number refers to the reference number and
the second number refers to the page number.
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Many commercial solvents are available. Best known is probably perchlor-
ethylene, used for dry cleaning. Other solvents include trichlorethylene,
methyl chloroform, trichlorothrifluoroethane, methylene chloride, fluorinated
hydrocarbons, petroleum solvents, and Dow Chlorethane.

A dirt-shearing action can be achieved by vertical agitation at 60-120
cycles per second with a five-minute normal cleaning action for some applica-
tions. (2:6Lk) Solvent systems are used to clean clothes, metals, plastics,
and other materials. Du Pont's Freon T-F is used in conjunction with ultra-
sonic dip baths to do precision cleaning of particles 1/40 the size of human
hair for gyroscopes. It is nonflamable,'nonexplosive, and virtually nontoxic.
Its advantages include natural stability in resisting degradation, unlimited
reuse of recovered solvent, and its ability to be combined with other solvents.
(14:95) (For discussions on trichlorethylene, perchlorethylene, methyl chloro-
form, trichlorotrifluorethane, methylene chloride, and fluorinated hydrocar-
bons see 16:13%6 and the following pages.)

Solvents tend to be expensive, but the effects of high cost can be re-
duced by distillation reclaiming. With distillation reclaiming, the solvent
is generally hot when used.

Petroleum solvents present a fire hazard and do not produce a high degree
of cleaning. (16:137) The fire hazard makes petroleum solvents impractical
for kitchen use.

Alkaline cleaning is in effect a detergent action. (16:137) Surface ac-
tive agents are used to bolster the efficiency of a cleaner and reduce the
need for high alkalknity. (1:97) Alkalies include metasilicates, pyrophos-
phates, nonionic and ionic synthetic detergents. (1:98) Contrary to popular
belief, alkaline cleaners can be used on aluminum. (1:97)

Cold solvents have many advantages which are listed below: (13:58)

1. Equipment costs are lowered.

2. Contaminates that tend to set do not harden.

3. No time is needed to heat parts to temperature.

L. Design and installation are simplified.

5. Additives (wetting agents and rust preventives) that cannot
withstand heat can be used.

6. Solvent breakdown is minimized.

. Parts do not have to be cooled before handling.
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C. EMULSION AND DIPHASE CLEANING

Emulsion and diphase cleaners are solvent cleaners. They are considered
separately here since they are handled differently and react differently.

Emulsification occurs when a dilutent such as water is added to an emul-
sion concentrate. The two immisicible liquids are intimately combined as a
stable solution in which the particle size of dispersed solvent phase varies
from 1 to 10 microinch in diameter. Reduction of particle size during emulsi-
fication and maintenance of condition during the serviceable life of solution
is governed by a surface-activating agent. (16:139)

There are three types of emulsion cleaners.

1. Emulsifiable Solvent (16:138). An emulsifiable solvent is a diluted
or undiluted petroleum solvent. It is effective in removing tightly adherent
and heavy soils. It is normally used in a room temperature immersion bath,
followed by a hot rinse that removes the loosened soil, but leaves a thin oily
film.

2. Stable Emulsion (16:138-139). In a stable emulsion the dilutent is
water., Stable emulsions simultaneously remove water soluable and solvent.solu--
able oils; however, they also leave thin oily residue. Stable emulsion
cleaners may be used up to 180°F. Maximum effectiveness is achieved in spray
systems, but it also performs well in soak-type cleaners. A stable emulsion
has the ability to disperse a soll once it has been removed, thus preventing

redeposition.

3. Diphase Cleaners (16:13%9). Diphase cleaners differ in that two dis-
tinct phases are present upon dilution. One is the solvent which may be the
heavier or lighter fraction; the second is water. The solvent removes oils
and wets the metal. The water dissolves water-soluble contaminates and wets
mineral oils. Again a thin olly residue is left even after a hot rinse.
Operating temperatures are limited by low-flash points.

Emulsifiable solvents and stable emulsion cleaners contain four ingredi-
ents (16:139):

1. Organic solvent - usually a hydrocarbon such as kerosene or naphtha.
2. Acid soap or fatty acid which serves as emulsifying agent.

3. Blending agent which serves as wetting agent, providing a homogeneocus
and stable mixture of solvent and emulsifying agent.

L. Surface activating agent to increase cleaning effectiveness.
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D. VAPOR DEGREASING
Vapor degreasing is primarily used for the degreasing of metal parts by
condensing a solvent vapor on the metal parts. Solvents with low boiling

points could be used to clean dishes in a system that by its nature would re-
claim the solvent by distillation.

Vapor degreasing systems require no mechanical action and can consist
of systems that use the following phases:

1. Vapor

2. Warm liquid + vapor

3. Boiling liquid + warm liquid + vapor

4. Vapor + spray and vapor (16:136)

The advantages of vapor degreasing are:

1. _Parts_emerge ary.

2. It penetrates blind holes, etc.

3. Solvent cost is independent of soil removed due to redistillation.

‘L. System requires little space. (5:kk)

 Trichlorethylene ("tri") and perchlorethylene ("per") are commonly used

for vapor degreasing but both require volatile stabilizers. Both dissolve a
wide range of soils, such as greases, waxes, resins, tars, gums, and fats.
They are inert to metal, have low toxicity, and are nonflamable and inexpen~ .
sive. Their properties include low latent heat value (low distillation cOst),
chemical stability, and ability to support cavitation in ultrasonic degreasers.
Perchlorethylene has a fairly high boiling point (parts emerge too hot to
handle), but tri has a lower one. Tri needs an additive to remove water, and
both must periodically be checked for acidity and oil content. Both can have
a neutral or alkaline solution. (5:45-L47)

The limitations of tri and per include the inability to remove hard caked-
on soils. Some soils react with solvents and consequently must be removed be-

forehand. (5$¢50) The solvents may attack some plastics and the vapors that
‘escape can be harmful if they come in contact with something hot. (9:129-130)

E. ULTRASONIC CLEANING

Ultrasonic cleaning is presently receiving much attention due to ‘its
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ability to clean and sterilize. It removes soil from 10 micron to submicron
range. (17:62) It is generally used in conjunction with a tank-type system.
Its main problem has been its high cost. (k:32)

Ultrasonic cleaning has four critical components and processes for clean-
ing:

1. The generator, which produces electronic or rotary energy at resonant
frequency of the transducer, generally converts line power to radio frequency
power of desired frequency. (10:1) It can be an electronic oscillator with a
60-watt to many kilowatt output and is rated in average power or pulsated power
(4 times average power). (18:52)

2. The transducer, which converts radio frequency power to mechanical en-
ergy at the same frequency, expands and contracts at the frequency of the gen-
erator. (lO:l, 18:51) There are two types of transducers; the electrostric-
tive which expands and contracts in response to voltage alterations, and the
magnetostrictive material which experiences a change in length when subject to
a magnetic field. (17:51) Two common transducers are barium titanate,
usually used at 40 kc/sec, and magnetostrictive materials, generally used at
20 ke/sec but do go up to 50 ke/sec. (18:51) The transducer is connected to
the generator by co-axial conductor. (18:44) The frequency must be low enough
to allow the bubbles to grow. (18:46) '

3. A necessary process is the transmission of radio frequency power to
the fluid.

L. Cavitation, which is the formation and collapse of microscopic bubbles,
"literally blast(s) off the dirt." (18:45) As the bubbles form, the pressure
is suddenly reduced in the area, releasing dirt and solid particles from the
surface of the parts. The collapse of bubbles causes liquid pressures up to
100 atm. (2:25) Cavitation depends on surface tension, pressure, density,
temperature, and viscosity. It is a stressed liquid (beyond tensile strength)
that suddenly collapses on compression phase. (10¢1) This creates a scrubbing
action. Implosion is the collapse of bubbles during the pressure reduction.
(18:51) The cavitation can produce transducer errosion. (17:47). The liquid
only accepts a certain amount of power from a plain radiating surface; 1f the
power Becomes too ‘high in the immediate vicinity of the radiating surface, one
can get cav1tat10n,of the radiating surface. (17:54) Up to 20 watts per square
inch may be used. The average power rather than peak power détermines cleaning.
(7:220) When the transducer is at one end of the tank, the other end must be
at a node (odd-quarter wavelength) to produce a stable standing wave. (17:56)

A solvent or detergent is generally used along with water. (18:51) How-
ever, Water is sometimes a better solution than detergent. (8s127). Some solu-
tions will not support cav1tatlon ‘and must be degassed. Hot or cold solvents
can be.used but sonic action normally heats the solution. (18:52) The power
required to produce cavitation increases as frequency increases with 20 to 100
.kc/seC‘the best and 40 kc/sec generally chosen to provide high levels of cavi-
tation at low-power levels. (18:54) Tg% solution can be reclaimed by dis-



tillation or filtering. (18:56) A solution with a high-surface tension is
desirable. (11l:11l) Mechanical agitation, such as shaking the parts basket,
is desirable to remove dirt from parts. (8:127)

Small parts can be cleaned by putting them in a glass beaker which is im--
mersed in the tank, (18:54) usually made of stainless steel. (17:54) Tank
size is based on ratio of transducer capacity (installed watts) to solution
volume. (8:126) Different sized parts and various soils require various fre-
quencies; the frequency used is also dependent on where the soil is. (1T7:L6-
47) When baskets are used for parts, they should be greater than 1/4 inch mesh
or less than 200 mesh. (17:60)

Other considerations not yet mentioned in design include transducer loca-
tion (if more than one transducer is used, they should be located as close to-
gether for maximum effectiveness) (8:127) and part orientation.

English manufacturers of decorative flatware use ultrasonic. (11:111)
See Ref. 3 from some applicgtions including fragile glass.)

Ultrasonic energy cavitates aluminum foil due to cold working by pressure
differentials. (L4:33) This may present some problems with cleaning aluminum
pans in an ultrasonic dishwasher.

Ultrasonic cleaning is safe, but one cannot put his hands in the tank for
long periods of time since prolonged immersion results in burns. It does pro-
duce some noise but is not dangerous or objectional. (18:56)

F. ©SALT BATHS

Salt baths operate at high temperature, often with such salts as sodium
hydride, Krolen No. 1, or Krolen No. 4. Due to the corrosive nature of salt
and the difficulty in handling salt and cleaning dishes at high'temperature,
little information was collected on this subject. Reference 16 gives more
information.

G. BRUSH SYSTEMS

A wide variety of things are cleaned by brush systems. Well-known ex-
amples are automatic car washes and thefglass cleaners that are sometimes used
to clean bar glasses. Apparently, due to technical simplicity of brush systems,
no information is available. Obviously a brush system that would clean dishes
would involve a complex system of brushes if it were to handle dishes of various

shapes.
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4. Evaluation of Basic Cleaning Methods

Each cleaning method discussed in the preceding section can certainly clean
dishes, but each has different advantages. Practicality of use for a dishwasher
is not being considered at this time.

In order to evaluate all the cleaning methods on an equivalent basis, a
common basis for evaluating is given below. Present-day dishwasher may not
hold up to the criteria listed, but this does not invalidate the criteria,
Also, evaluating each method means predicting performance on the basis of what
is presently known. Although predicting is always subject to error and criticism
it was felt that this is the best that could be done on what is known from an
extensive literature search. Criticismand disagreement are certainly in order.

A. Cleanliness - dishes must appear to be clean

1. no deposits of food
2. no greasy or oily films
3. no spotting of glassware

B. Sanitize - dishes must not contain any microorganisms (immediately
after being cleaned) that are likely to cause infection. This re-
quires no towel drying and may be accomplished in one of two wayss

1. Heat*
a. 10-sec rinse at 170°F
b. 2-min immersion at 170°F
c. 1/2 min immersion at boiling temperature
2. Chemical - There are many chemicals available to sanitize
dishes. The only important point is whether or not.one of
these can be used in conJunction with each cleaning method.

C. Materials that can be cleaned - Some materials suffer damage elther
by heat, chemical action, or mechanical scrubbing action. The mate-
rials considered are shown-in Table I.

D. Dishes or color designs should not be damaged.

Table I contains an evaluation on a point basis of the above mentioned cri-
teria. Ten points is the highest and means approximately 100% chance of suc-
cess. Under sanitizing, the x's correspond to accomplishing sanitizing by the
particular method indicated in the lefthand column. Each criterion is considered
separately and it should be realized that any single dishwasher may not accomplish

*This information was taken from an article titled "Sterilization of Dishes and
Utensils in Eating Establishments"; however the article was discarded by the’
library before a complete bibliography was obtained. This information is also
available in articles such as references 6:13 and 19:111.
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all the criteria that are rated at 10. It is felt that each criterion rated
at 10 could be accomplished but perhaps at the expense of other criteria that

are also rated at 10.

A. DISCUSSION OF EVALUATION

The following discussion presents the author's reasons for assigning the
values to the evaluation criterion as shown in Table I.

B. IMPACT CLEANING

As previously discussed, impact cleaning is used to clean a wide variety
of materials, and impact cleaners can be made abrasive enough to clean a wide
variety of hard-to-clean soils. On this basis, it 1s easy to imagine that
impact cleaning can clean any type of soil found on dishes and a 10 was given
for each cleanliness criterion.

An impact dishwasher could use water at any temperature, thereby sani-
tizing by heat under the first two criteria. The third criterion (immersion)
would probably be unreasonable since a dip tank is not used in this process.
Chemical sanitation would be simple since it would probably only involve add-
ing one of many available sanitizing agents.

Many materials including glass, vitrolite, and china are cleaned by impact
cleaning and hence it is felt that all materials listed in Table I can be
handled and were rated 10. ' One obvious problem is achieving a balance between
too much mechanical scrubbing action ruining the dishes and not enough mechani-
cal scrubbing action to clean the dishes.

It is felt that water with particles in it will eventually lead to erro-
sion of color designs on some dishes such as glasses. Therefore, 9 is as-
signed to "no damage being done to dishes or color design."

C. SOLVENT CLEANING

Solvents clean a wide variety of materials with a wide variety of soils
to a high degree; hence, a rating of 10 is assigned to each cleanliness cri-

terion.

Sanitizing, either by heat or chemical action, should not present any
problem, and each criterion is assigned a value of 10.

As previously mentioned, plastics may suffer some damage from solvents.
They are assigned a value of 8 while all other materials are assigned 10.
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It is conceivable that a solvent could be used that would not damage
dishes or color designs, so a value of 10 is assigned to that criterion.

D. EMULSION AND DIPHASE

As mentioned previously, emulsions tend to leave a thin oily film even
after hot rinses. They receive only a 5 under "no greasy or oily films." The
other problem with emulsions is that after some use and exposure to air they
tend to turn to acid which in turn tends to ruin color designs. Therefore;
"dishes or color designs should not be damaged" only received a value of 7.

E. VAPOR DEGREASING

Vapor degreasing is primarily for degreasing and may present some prob-
lems with food deposits and spotting of glassware; these are assigned values
of 7T and 9, respectively.

Sanitizing either by heat or chemical action should not present any prob-
lem. '

Vapor degreasing generally is high—teﬁperature cleaning. This may present
some problems with plastics which are assigned a rating of 7.

F. ULTRASONIC

Ultrasonic cleaning is a highly effective way to clean many materials.
However, it may pit aluminum, which is assigned a value of 9. All other cri-
teria received a value of 10. :

G. ©SALT BATH

A salt bath dishwasher may present some problems with cleaning a wide
variety of soils and spotting of glassware; hence "no deposit of food" and "no
spotting of glassware" each are assigned values of 9.

Salt bath cleaning also presents some problems with materials that can be
cleaned and these materials as shown in Table I received low values. The salt
may hurt some materials but it is not known whether it will harm color designs
or dishes in general, so a value of 10 was given to that criterion.

H. BRUSH SYSTEM

A brush system should be able to accomplish everything that is in the
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criteria column except that it may not be able to remove hard caked-on soils;
hence, this criterion is assigned a value of 9 while all other criteria re-
ceived 10.

5. Cleaning Methods and Their Adaptability for Use in a Dishwasher

Up to this point, the only concern for cleaning methods is whether or not
they can clean dishes. This section discusses the possible problems and advan-
tages of building a dishwasher using each type of cleaning method.

‘A.  IMPACT CLEANING

Impact cleaning is very flexible. It can be accomplished with nozzle blast,
mechanical blast, or tumbling. Many fluids can be used plus a wide variety of
additives. As previously mentioned, impact cleaning is used to clean glass,
vitrolite, and china. Due to the above-mentioned options and its present use
to clean materials found in the kitchen, impact cleaning is certainly adaptable
to cleaning and sanitizing dishes. Sanitizing could be accomplished either by
heat or chemical action.

B. SOLVENT CLEANING

Solvent cleaning has found wide usage in assembly-line parts cleaning and
dry cleaning; however solvents present a safety problem. It is still a basically
reliable way to clean to a high degree and is adaptable to cleaning dishes.

C. EMULSION AND DIPHASE

Emulsion and diphase cleaning have not been given much attention because
they leave a thin oily film. Emulsions also tend to turn to acid, which might
run dishes. It is felt that because of these reasons, emulsion or diphase
cleaning may not be adaptable to clean dishes.

D. VAPOR DEGREASING

Vapor degreasing is actually a solvent cleaning system where the solvent
is in the vapor phase. It is generally done at elevated temperatures and may
not be adaptable to cleaning dishes. Also sclvent vapors generally present a
safety and handling problem, making their adaptability to dishwashing difficult.
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E. ULTRASONIC CLEANING

Ultrasonic cleans and sterilizes to a high enough degree to be used for
sterilizing surgical instruments. It also cleans a wide variety of parts and
materials. Obviously ultrasonic could be adapted to cleaning dishes.

F. BRUSH SYSTEM

Brush systems are relatively simple and an excellent way to clean many
items. However, in order to clean dishes, a brush system would have to handle
many different sizes, weights, and shapes, unless used for only a few types of
dishes; hence a brush system would either be very limited in the dishes it
could handle or it would be extremely complex. This would tend to make brush
systems hard to adapt to cleaning dishes.

6. Feasibility of Building Dishwashers
Using Various Cleaning Methods

This section discusses the feasibility of building various types of dish-
washers in the laboratory using the-cleaning methods discussed previously.
Feasibility is taken to mean whether or not a dishwasher can be built that meets
the . criteria used to evaluate the cleaning methods.

A. IMPACT CLEANING

The many ways to build and operate an impact dishwasher make it particularly
feasible to build in the laboratory. Laboratory work would mainly consist of
building and testing a particular apparatus. It would also include investigaticn
of possible damage or wear to dishes or color design.

B. SOLVENT CLEANING

Solvent cleaning can be accomplished with a hot or cold solvent using an
imersion tank or spray system. Any system would be feasible and practical to
build and laboratory work would include investigation of various solvents and
the method in which to use and handle them. Laboratory work would also have
to investigate whether or not all plastics could be cleaned with any particular
system.
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C. EMULSION AND DIPHASE

Emulsion and diphase cleaning can use three different types of cleaners
in immersion bath or rinse systems. An emmulsifiable sclvent is very effec-
tive in removing tightly adherent and heavy soils. However, laboratory work
must be able to come up with a system that removes the thin oily film left by
emulsion and diphase cleaners. Laboratory investigation would also have to
investigate possible damage to plastics and color designs on dishes.

D. VAPOR DEGREASING

Vapor degreasing is another flexible process in that the solvent may be
used in many or a combination of phases. This system is mainly used for de-
greasing metal parts, but a suitable solvent may be applicable for cleaning
dishes; however, hard caked-on soils may not be removed and some plastics may
be damaged by the solvent or temperature at which-a given system is operated.

E. ULTRASONIC

~Ultrasonic cleaning is very effective and is useful for a wide range of
soils and materials. This process 1s presently in wide use for specialized
cleaning where its high cost is justifiable. Many companies today are doing
research and development to lower the price, which is its big fault. Labora=-
tory work would be very feasible and would need to include a cost-reduction
study.

F. SALT BATH

A salt bath could be a very effective cleaning process and would be very
easy to build in the laboratory. Practical problems that must be overcome
include an apparatus that would not be attacked by the salt, a salt that would
not be harmful to dishes, and a rinse system that would remove salt and soil

from the dishes.

G. BRUSH SYSTEM

Brush systems are easy to build and many chemical additives could be used
to clean and sanitize the dishes. - Laboratory work would include the develop-
ment of a brush system or systems that could handle a reasonable variety of
dishes and the investigation of various bristle compounds for expected life-
time.
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T. Proposed Dishwashers

After reviewing all material up to this point, it was felt that three
systems were the most promising; water impact, emulsion, and solvent. All
three appeared to be equally good for cleaning dishes and reasonably adapt-
able. Sketches were made of possible ways to build each system (Figures 1,
3, and 4). A discussion of each system is included below.

A. WATER IMPACT SYSTEM

In the water impact system (Figure 1), the separator is necessary to
keep the additive from getting into the drain and clogging it. If the pump
that handles the abrasive cannot pump enough water, the nonabrasive pump
could assist the abrasive pump by recirculating water to the nozzles. Other
possible pump arrangements are shown in Figure 2.

B. SOLVENT

The solvent system chosen (Figure 3), incorporates an electric evapora-
tor for solvent reclaiming. A preheater is used to reduce the electricity
consumption for evaporation and a water condenser 1s used to condense the

vapor.

C. EMULSION

‘A possible emulsion system is shown in Figure 4. As can be seen, the
only change from the present dishwasher is the emulsion reservoir system.
This system could also be used for a cold solvent that is not reclaimed and
is pumped to the drain after each wash.

In cooperation with Whirlpool representatives, it was decided that within
the span of time available, there was sufficient interest in the water impact
system to warrant its being built and tested. To have desired flexibility with
pump arrangements and the ease of mounting equipment on the testing apparatus,

a casing was built (Figure 5), instead of rebuilding a conventional dishwasher.
Presently the system is being worked on, and testing will be started when equip-

ment problems are solved.

A similar system would involve a water rinse followed by an air-abrasive
cleaning cycle. This system would be very similar to "sand blasting" and
would have the advantage of being able to accomplish a higher Velocity of the
additive without the danger of dislodging dishes due to high fluid impact.
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8. Appendix

During the early stages of this project, much information was collected
and is presently in this paper; however, many references that were educational,
informative, and interesting to the author were not directly useful in writing
this paper. These references that may be useful to the reader are presented in
bibliographical form.

Anonymous, "Two Alkaline Cleaners can Handle Most Jobs," Steel, 147, No. 2
96-98 (July 11, 1960).

Beaudt, Eugene C., "In-Line Cleaning Saves Time," Iron Age, 189, No. 2, 64-65
(January 11, 1962).

Bulat, T. J., "Evaluating Sonic Energy Cleaning," Air Engineering, 4, No. 6,

32-35 (June, 1962).

Graham, A. K., William Blum Lecture, "Faraday's Laws Applied to Cleaning,"
American Electroplaters Society Technical Proceedings, 41-4k, 228 (1960).

Koonty, D. E., D. 0. Feder, and C. 0. Thomas, "Cleaning in Electronic Industry,'
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WHIRLPOOL VACUUM EXTRACT COMBINATION WASHER/DRYER ANALYSIS
OF THE VARIABLES IN THE EXTRACT AND DRYING CYCLES

Robert O. Rice

1. Introduction

This report is a description of a computer program that simulates the wa-
ter extraction and drying process in the Whirlpool vacuum extract combination
washer/dryer. The report includes the experimental data taken and the two com-
puter programs written to simulate the process. Although the simululation is
not at this time as accurate as would be needed for design use, this study has
shown the feasibility of simulating this process in the combination washer/dryer.
It is hoped that further work in this area will allow this type of simulation to
aid the designer.

2. Conclusions

The moisture extraction process in the Whirlpool vacuum extract combination
washer/dryer can be represented by two general categories. First, mechanical ex-
traction which is characterized by a pressure drop across the cloth that causes
the water to be removed in droplet form. Second,'drying which is characterized
by heat and mass transfer equations.

The heat and mass transfer coefficients, and the constants for mechanical
extraction can be determined experimentally.

A computer program simulation of the process using experimentally determined
constants can be written to simulate the moisture extraction in the Whirlpool
vacuum combination washer/dryer.

3. Results

Two computer programs have been written to simulate the water extraction
and drying process in the vacuum extract combination washer/dryer.
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The first program simulates a single piece of cloth during water extraction
and drying.

CLOTH

INLET OEXIT
———— ——
AIR AR

The comparison of the test results with the computer program simulation is
shown on page 48. The difference in the two results is due to a programming
error which allows the  extraction process to continue too long. This error can
be corrected as shown in the program listing in Appendix B.

The second computer program simulates the water extraction and drying proc-
ess for the vacuum extract washer/dryer machine.

®INLET
(%:KOTHESAIR

“\\

The comparison of the test results with the computer simulation is shown on
page 49. The results of the drying portion do not fit the test data very well
because further experimental data is needed on the factors involved in the tum=-

bling process.

The accuracy of the program in fitting the experimental data is a function of
the limits set on the factors ROR and JKR (see p. 59). These two factors should
equal zero, but because of the computer they are set arbitrarily small. The
smaller they are set, the more iterations the computer must make and the longer
the program takes to run. The length of execution time has been the biggest lim-
itation of the program. It is possible that this limitation can be eliminated
by specifying a range of inlet temperatures, thereby reducing the number of itera-

tions the program must make.
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4. Result Uncertainty

In the mechanical extraction experimental results, the following possible
errors were recognized:

(a) The data did not conform exactly to the straightline drawn for
this portion of the curve. Some of this difference can be at-
tributed to the drying that was occurring at the same time,
while any other must be attributed to the inaccuracy of meas-
urement of the initial mass of water. This measurement was
difficult because water is easily lost in the move from the
weighing scale to the system before the pressure drop across
the cloth was created.

(b) In measuring the pressure drop across the orifice and the
cloth, the inertia forces in the manometer could have intro-
duced error due to the rapid change that had to be measured.

In the drying portion of the mechanical extraction, the following possible
errors were recognized:

(a) As discussed in the experimental procedure section, it was difficult
to obtain an accurate measuring system for the wet bulb temperatures. The in-
strument used to check the validity of these results was the sling psychrometer.

(b) The recording instrument used for the wet and dry bulb temper-
ature was a potentiometer. The millivolt readings were re-
corded on paper rolls by the instrument, then converted to
temperatures by use of a millivolt-temperature conversion table.
Although the introduction of large error seemed possible in
this conversion, the computer program and data comparison seem
to indicate that this did not occur.

5. Mechanisms of Moisture Extraction

The process of water extraction can be broken down into two main mechan-
isms. The first 1s mechanical extraction, and the second is by vaporization.

In mechanical extraction, water droplets are removed from the cloth by
body and surface forces. The body forces are due to gravity, and the surface
forces are created by placing a pressure drop across the cloth. The following
model was used to represent this process.
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WATER
RESEVOIR

|

'1 MULTIPLICITY
OF TUBES

t
Continuity Equation
g% = - pAV = - E%§E = KAP

dm/dt = mass rate of change of water liquid
p = density of the water
A = area of the tubes
AP = pressure drop across the cloth
C = constant
K = constant

The moisture extraction by vaporiation can be represented by Fick's Law

for diffusion.

AIR

OF FIBER WATER VAPOR
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Fick's Law

Rate = - D §9
o8
D = diffusion coefficient
dC/dS = concentration gradient

oT

This equation is analogous to the heat transfer equation (Rate = - K ==)
ox”’

but in the case of diffusion, the effective film thickness cannot be measured
directly, so the equation is rewritten analogous to the heat transfer equation
as:¢

Rate = Hmtx (Psat - Pvap)

Hmtx = mass transfer coefficient
Psat saturation press of the water liquid
Pvap = vapor pressure of the water vapor in the air

6. Single Piece of Cloth Computer Program

A computer program has been written to simulate the water extraction and
drying process to determine what effect variable changes in the process will
have.

A. MECHANICAL EXTRACTION
This is the process by which water is extracted from the cloth mechanically

by creating a pressure drop across the cloth with a blower. The following equa-
tions, representing this process, were determined experimentally (p. 6k).

muOO65Pcl -.0222PcT7
Lo Myp = My e , for M /M . c=e
MWLl = mass of water“liquid in the cloth at time Tl
MWLE = mass of water liquid in the cloth at time T2
MWLI = initial mass of water in the cloth
PCI = initial pressure drop across the cloth

Program Notation

C = 2.71828,P.(-.0222¥%PCT)
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X2 = .0065*PCI

WHENEVER MWL/MWLI .G. C
MWL - MWL*(2.71828.P.(-X2))
2. Py = Pop( /M)
= pressure drop across the cloth at time T
PCI= initial pressure drop across the cloth
Program Notation

PC = PCI*MWL/MWLI

50 Vpr = VAIF‘/l'55 - Fo/Per

VAI = velocity of the air entering at time T
VAIF= maximum velocity of the air entering

Program Notation

Vyp = VAIF*(1.35 - PC/PCI).F. .5

B. DRYING

This is the process by which water is extracted from the cloth by the
vapor pressure gradient between the cloth and the air.

The system for the drying process was considered as shown below:

AIR Tai Tae AIR

o - - - - = "'r'-‘

—sl —
- Mc -
I
—ny Mwi .
ol Mwv '

Myvi | r.hﬂ

wvi L lWVe
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T = temperature of the air at the inlet
T = temperature of the air at the exit
MWVI = mass of water vapor at the inlet
MWVE = mass of water vapor at the exit

M = mass of the cloth

MWL = mass of liquid water in the cloth

va = mass of water vapor in the cloth

The following four assumptions were made about the system.

1. The temperature of the water vapor at the inlet and exit equals the
temperature of the air at the inlet and exit, respectively.

2. The mass of the cloth, water liquid, and water vapor in the cloth
are all at the same temperature.

3. The temperatures involved in the heat transfer to the cloth are
the temperature of .the cloth (Ty) and the average of the inlet
and exit temperatures (TAVE)‘

k. The change in mass of the water vapor in the cloth during the
process is equal to zero (Myye = 0).

The basic equations used to define the process ares

Continuity Equations:

MAI = mass flow rate of air at the inlet
MAE = mass flow rate of air at the exit

e Myye = My = My = ©
Mrve

My

change in the mass of water vapor in the cloth

]

change in the mass of water liquid in the cloth

i

change in the mass of water vapor transported
from the cloth to the air

Myrgp
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Energy Equation:

3. Q@+ MyqHpg + Mypliyyr = U + Myplpp + MyypHyyg

Q = heat transfer rate from the system

ﬁ = change in internal energy of the cloth, water liquid,
and water vapor in the cloth.

H = enthalpy of the mgss per pound mass

Program Notation
ROR = MDAI*HAI + MWVI¥HWVI - (UD + MDAE*HAE + MDWVE*HWVE)

Heat Transfer Equation:

b Qpo = AorHprx(Tayg=-To )Myt

QAC = heat transfer rate from the air to the cloth
ACL = area of the cloth
HHTX = heat transfer coefficient of the cloth

Program Notation
QDAC = ACL*HHTX*(TAVE-TC )*MDATI
Mass Transfer Equations

5. My, = AgpHypx(Pg=Py)My (144)

MWL = MWVT = mass of water vapor transported from
the cloth to the air

Hypx = mass transfer coefficient of the cloth

Py = saturation'pressure of the water vapor at
the temperature of the cloth

PV = vapor pressure of the water vapor in the

entering air
Program Notation

MDWL = ACL*HMTX*(PS~PV)*MDAT* 144
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Equations Derived from Assumptions:
6. U= QAC-' MWL(HV-HF), from assumption U4 (vaczo)

H
v

iy

Program Notation

enthalpy of the water vapor per pound mass

enthalpy of the water liquid per pound mass

UD = QDAC - MDWL#*(HVIC-HLTC)
T. U = CqM,T, + My + HM , from assumptions 1, 2, and k
CC = specific heat of the cloth

ﬁ = changes in internal energy of the mass of liquid
water in the cloth per pound mass

Program Notation

JKR = UD - (CC*MC*TDC-MDWL*HWLTC+HDWLTC*MWL)

C. FALLING RATE PERIOD
In this period the drying rate decreases because the mass of water that

diffuses to the surface of the fibers is less than the mass of water that could
be removed by the vapor pressure gradient between the water in the cloth and

the air.

The following equations for this period are taken from the Chemical Engi-
neers Handbook (pp. 15-39).

7. Mg = Vg (W - W) /Wy - Wg)
M

mass rate of water removed in the falling rate period

W = mass of water in the cloth/mass of the cloth
Wo = critical mass of water in the cloth/mass of the cloth
Wg = mass of water in the cloth in equilibrium with the mass

of water in the air/mass of the cloth
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Program Notation
W = MWL/MC

WHENEVER W .LE. WC,MDWL = MDWL(W-WE)/(WC-WE)

D. GENERAL PROCEDURE

The following procedure is used for the program. At a given time T, the
mass of water removed due to mechanical extraction is determined. Next temper-
atures, pressures, and mass necessary to calculate the heat and mass transfer
rates, and the rate of change of internal energy in the cloth are found. These
values are held constant over the time internal and the mechanical extraction
water removal, temperatures, pressures, and masses at time T+1 are calculated.
This procedure is repeated until the mass of water liquid in the cloth is in
equilibrium with the air.

E. SPECIFIC PROCEDURE
1. Data Input

The following data must all be entered as input, but may be entered in any
order.

TAI - temperature of the inlet air (°F)

VAIF - volume flow rate of air when the cloth is dry (cu ft/min)
ACL - area of the cloth

MWVI - mass of water vapor entering (1b water vapor/lb dry air)

MWLI =~ initial mass of water in the cloth
TOTPA - total pressure of the inlet air and water vapor

PCI - initial pressure drop across the cloth (in. of water)

MC - mass of the cloth (1b)

cc - gpecific heat of the cloth

TC - initial temperature of the cloth (°F)

WC - critical moisture content of the cloth (mass water/mass_cloth)
WE - equilibrium content of water in the cloth with the

air (mass water/mass cloth)
the interval in seconds between the printing of output
(this must be an integer)

PTIME

Example - two cards

/TAI=T76.,VAIF=90. ,ACL=.196 ,MWVI=.0036,MC=.02 ,MWLI=.07,TC=65.,

/cC=.3,PCI=12.,TOTPA=1k.7,WC=.25,WE=.01, PTIME=1 *

o1



2. ©Sample Calculations of Program Operations Using Example Data
The program first calculates the constants used later in the iterations.
C = 2,71828.P.(~.0222%PCI) = .T75

X2

I

.0065¥PCI = .078

PV = MWVI*TOTPA/(.622 + MWVI) = .0845

Then the iterations of time are started by setting time = 1.

With time = 1, the water extracted by mechanical extraction, the pressure
across the cloth, and the volume flow rate of air entering are calculated.

MWL = MWL*(2.71828.P.(-X2)) = .0648

PC = PCI*MWL/MWLl = 11.1

VAT = VAIF*(1.35 - PC/PCI).P. .5 .= 58.6

Next the program begins the calculations to find the exit temperature of
the air. This is an iterative process and only one iteration will be shown.
The first step is to assume a value of the exit temperature and make all calcu-
lations using the assumed value.

TL = TC = 65

TR = TAI = 76

TAE = .5*%(TR + TL) = 0.75

TAVE = .5%(TAI + TAE) = 73.25

PS = PSATT.(TC) = .3056 From steam tables external function
ARHO = 2.698*TOTPA/(TAVE + L60) = .OT46
MDAI = VAI*ARHO/60 = .0T3
QDAC = ACL*HHTX*(TAVE - TC)MDAI = .218
MCWIL = ACL*¥HMTX*(PS - PV)*1LU*MDAI = .00601
HLTC = HFT.(TC) = 33.05
From steam tables external function
HVIC = HGT.(TC) = 1090.2
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UD = QDAC - MDWL*(HVTC - HLTC) = -6.13

HAI 128.1

fl
i

119.5 + .2L*(TAI - LO)

HAE 126.8

1
(1

119.5 + .24*(TAE - LO)
MDWVI = MWVI*MDAI = .000263%
MDAE = MDAI = .073

MDWVE = MDWVI + MDWL = .00627

1
]

MWVI = HGT.(TAI) = 1094.9

i
i}

HWVE = HGT.(TAE) = 1092.4

These results are now used to check for a balance in the energy equation.

ROR = MDAI*HAT + MDWVI¥*HWVI-(UD + MDAE*HAE + MDWVEX*HWVE) = 3.32

Since the energy equation does not balance, the pfogram sets TL = TAE and
goes through the process until ROR is less than .l. If ROR had been less than
zero, the program would have set TR = TAE and repeated the process.

When ROR has been found to equal zero, the change in the temperature of
the cloth is found. The procedure is generally the same as to find the exit
temperature.

Given that the exit temperature was found to be T72.5,

TLI

55

TRI = TAI = 76

TDC = .5%(TRI + TLI) - TC = -9.5
TCTDC = TC + TDC = 55.5
Hwlte = HFT.(TC) = 33.05

MDWLTC = HFT.(TCTDC) - HFT.(TC) = -9.48
JKR = (UD-(CC*¥MC*TDC-MDWL*¥HWLTC + HDWLIC*MWL) = -L4.6

With this not zero, the program would go though the same type of ‘iteration
process that it did in the previous section.

59



Results Format

The results are printed out in a format as follows:

TIME,

sec

MWL,
1b

FC,

1b/in.”

-VAI,
£t /min

IC,
°F

TAE,
°F

TAVE,

°F

RESULTS--SINGLE PIECE OF CLOTH COMPUTER PROGRAM

60

TIME MWL PC VAT TC TAE TAVE
1 .0641 L1.0995 58,6753 £8.0625 07.75CC 71,8750
2 . 0589 10,1715 63.7506 55.5000 62.54€9 €9.2734

3 L0540 9.3355 6840701 55.50C0 60.¢25C €8.3125
4 .0495 B45679 T1.7753 55,5000 60.6250C 6843125
5 0491 8.4913 72.1344 55.5C00 60.6250 €8.3125
6 <0486 B8.4144 72.4934 55,5000 60.€25C €8.3125
7 .0482 8.3371 72.8525 55.50C0 6046250 €8.3125
B8 0477 8.2594 T3.2116 55.5000 60.625C €8.3125
9  +0473 8.,1813 73,5706 55.50C0 60,€22C 68,3125
10 .0468 8.1028 73.9297 55.5000 60.£25C €8.3125
11 0463 8.0240 74.2888 55,5000 60.625C 68.3125
12 0459 1.9447 T4.6478 55.50C0 60.€25C £8.3125
13 .0454 7.8651 75,0069 sngQfowqq,ezsc £8.3125
14 .0449 7.7851 75.3660 55.50C0 6046250 68.3125
15 .0445 7y7048,75a?25}A§5-5C§0;50 €2EC 68,3125
16 0440 T7.6240) 76.0842 55.50C0 60.6250 €8,3125
17 .0435 7.5428 76.4433 55.5000 60.625C 68.3125
18  .0430 7.4613 76.8024 55.50C0 60.€250 €8.3125
19 0426 7.3794 77,1615 55,5000 60,6250 €8.3125
20 +0421 7.2S71 T7.5206 55.50C0 60.6250 €8,3125
21 .0416 T.2144 T77.8798 55.5000 60,6250 68,3125
22 J0411 T7.1314 7€.2389 £5.5000 60.6250 68,3125
23 0406  7.0479 78.5980 55.5000 60.625C €8.3125
24 . 0401 £.9641 78.9571 55.50C0 €D.625C €8.3125
25 .0396 €.8793 79,3163 55.50C0 60.€250 €8,3125
26 .0391 6.7953 7S.6754 55.5000 50.€25C €8.3125
27  .0386 €,7103 80.0345 52.50C0 60.€25C €8.3125 |
28 L0381 6.6250 80.3937 S55.5000 60.6250 68.3125
29 . 0376 £.5392 80.7528 55.5CC0 60.625C £8,3125
30 .0371 6.4531 81.1120 55.50C0 60.625C €8.3125
31 .0366 £.3666 8l.4711 55.50CC 60.6220 68,3125
32 L0361 €.27S7 81.8303 55.50C0 60.6250 €8.3125
33 L0356 6.1924 82.1894 25,5CC0 €0.€25C €8.3125
34 0351 6.1048 82.5486 55.5000 60.625C £8.3125
35 0346  £.0167 82.5078 55.50C0 60.6250 €6.3125
36 0341 5.5283 83,2669 55.5000 60.£6250 68.3125
37 .0335 5,8395 83,6261 55.5000 60.625C €8.3125
38 .0330 5.7503 83,9853 55.50C0 60.625C €8.3125
39 L0325 5.6608 84,3445 55,5000 60,6250 68,3125
40  .0320 5.5708 84.7037 55.5CC0 60.6250 £8.3125



7. Machine Computer Program

A computer program has been written but not completed for the vacuum ex~
tract combination washer/dryer. The factors still needed for the completion
of this program are the average time the cloth covers the nozzle and the aver-
age thickness of the cloth covering the nozzle. The program as of this time
has the same procedure as the single cloth program except for the changes dis-
cussed below.

A. MECHANICAL EXTRACTION

Lo Moy = Moy/M(60)K
My
M,

mass of water liquid at the nozzle

#

total mass of water liquid in the clothes

MCN = mass of cloth at the nozzle
Mb = total mass of the clothes
K = percentage of the time the clothes cover the nozzle

Program Notation

MWLN = MWL*MCN/MC*60%K
- .0065PCI(60)K -.0222PCI

2o Mwe = Yo © y for My Mg, C = e

Program Notation

c 2.71828.P.(~.0222%PCT)

i

X2

. 39%¥PCI*K
WHENEVER MWL/MWLI .G. C
MDWLN = MWLN(1-2.71828.P.(-X2))

MWL = MWL - MDWL
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B. DRYING
L. Qo = AcpHury(Tpyp = To)MyKI(K)

KI = number of thicknesses of one piece of cloth covering
the nozzle on the average

Program Notation

QDAC = ACL¥HHTX*(TAVE - TC)*MDAI*KI*K

2. My = AgHyr(Pg - PU)1MM KI(K)

Program Notation
MDWLN = ACL¥HHTX*(PS - PV)*1LLUXMDAT*KI*K
3. Output Format

TIME, MWL,  PC, VAI, TC, TAE, TAVE,
sec  1b  1b/in.® f£t/min °F °p °F
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TIME MWL PC VAL TC TAE TAVE
1 14.8023 11.5427 62.2981 64.5885 71.5313 73,7656
2 14,2270 11.0947 65.2258 64.1685 71.3642 73.6821
3 IF.6735 10.£6356 67.9243 63,7480 71,1634 73,5567
4 13,1408 10,2486 70,4234 63,3276 71.€22¢6 713.5113
5 12,6283 9,8494 72,7472 €2.9072 7CeS5CS 73.4754
6 12.1353 G,4653 7445150 62.4868 70.7833 71343517
7 11,6609 S.0957 76.9430 62,0864 70.6158 73,3079
8 11.64G3 G.,0865 7605932 61.70€1 70.4562 73,2282
9 11.6378 $.0773 77.0425 61.3657 70.304E& 73.1524
10 11.6265 G.0684 77.0908 61.0554 70.16€2 73,0846
11 11.6154 S.0596 77.1283 60.7651 70.1623 73.0811
12 11.6044 9.0510 77.1851 €0.5045 70.048S5 73.0244
13 11.5936  S.0424 77.2311 6C.2646 69.5472 72.9736
14 11.5830 G.0340 77,2765 60.0444 69.8534 72.9267
15 1145724  S.0257 7743214 56.8442 65.7674 72,8837
16 11.5619 G9.0174 77.3658 59,6641 6S.6ES2 12,8446
17 11.5516 G,0093 77.4096 55.5039 69.6188 72.8094
18 11.5413 9.,0012 77.4531 56,3438 69.55¢2 72.7781
19 11,5311 849932 77.49€62 55,2036 6944527 72,7468
20 11.5210 8.9853 77.5389 59,0835 69.43€S 72,7195
21 11.5108 8.9774 77.5813 58,9634 69,2920 72,6960
22 11,5009 B8.56S5 T77.6235 ©£B.8633 6942451 72.6725
23 11.4909  8.9617 77,6653 58,7632 69,306C 72.6530
24 11.4810 8.5540 77.7070 58,6731 69.26€S T72.6334
‘‘‘‘‘ 25 1144711 8.9462 7747484 58.5830 69,2317 72,6158
26 11.4613 8.S385 77.7896 58.5025 69.16€65 72.5%82
27 11,4515 845309 77.8306 5844229 69.1€£2 72.5826
28 11.4417 8.9232 77.8714 58.3628 69.1278 72.5689
29 11,4320 845156 77.9121 58.3027 69.11C5 72.5552
30 1144223 849081 77.9526 5842427 6S.CE7C 72.5435
031 11.4126 8.9005 77.9930 58,2026 69,0635 72,5318
32 11.4030 B8.8930 78.0333 58,1626 69.047S 72.5240
.33 11.3934 8.8854 78.0734 58,1226 69.0223 72,5161
34 11,3837 8.8779 7B.1135 56,0825 £9.C1€€ 72.5083
35 11.3741 8.,8704 78.1535 58,0425 69.001C 72.5005
36 113645 8.8629 78.1934 £8.0125 68.5€53 72.4527
37 1143549 B8.8555 7Be2332 £7.5824 6B.S736 72.4868
38 11.3454 8,8480 78,2730 57.9624 68,5619 72.4809
39 11.3358 £,8406 7843127 57.9424 6849541 72,4770
40 11.3263 8.8331 78.3523 £57.9224 6845462 12.4731

RESULTS—MACHINE COMPUTER PROGRAM
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8. EXPERIMENTAL PROCEDURES

A. MECHANICAL EXTRACTION

The equations for the mechanical extraction were determined by measuring
the pressure drop across the cloth and the pressure drop across the orifice in
the experimental set-up (Figures 1 and 2).

The measurements were accomplished by placing a U-tube manometer across
the flow orifice and across the cloth and recording the pressure drop versus
time. The mass of water liquid was also recorded versus time for different
initial pressure drops across the cloth. Two techniques were used in record-
ing these quantities. First, because of the rapid change in pressure drop
with time, the pressure drop across the orifice and across the cloth were re-
corded versus time, and then plotted versus each other eliminating the time
(Graph 5). Secondly, it was found in recording the change in the mass of
water liquid that the amount of water that could be removed. by mechanical ex-
traction was affected by removing the cloth from the system, weighing it, and
replacing it. In order to remove this error, the cloth was removed after a
given time and weighed. Then it was resoaked in water, and placed in the
system with the same pressure drop for a different time period. In this way
it was possible to obtain the results as plotted in Graphs 1 - L.

The following equations were then determined from the graphs:

1. Graphs 1, 2, and 3

= e-ooo65PCIT whenever / >C
Yr = Yt ’ M/ My

M
M

P

Il

mass of water liquid in the cloth

initial mass of water liquid in the cloth

initial pressure drop across the cloth

1l

CL

Defining this equation in terms of one-second interwvals

Wiro = Myrz ©
2. Graph 4
=,0222P
C=e Cl
3. Graph 5
= *(1.3% =
PO POF (l 55 PC/PCI)

6h
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PO = pressure drop across the orifice at time T

OF = maximum pressure drop across the orifice
PC = pressure drop acorss the cloth at time T
PCI = initial pressure drop across the cloth

Defining this equation in terms of the velocity of the incoming air

Var = Vagp V139 - Po/Per

VAI = velocity of the air entering at time T

VAIF = final velocity of the air entering

B. HEAT AND MASS TRANSFER COEFFICIENTS

The experimental set-up for measuring the heat transfer coefficient, mass
transfer coefficient, and drying times to check the validity of the computer
program simulation of the drying process for a single piece of cloth is shown
in Figures 1 and 2. The tube was made of six-inch diameter galvanized heating
duct, twenty-five feet long. The length of the tube was necessary to provide
for uniform flow through the orifice and uniform mixing of the heated air ap-
proaching the test cloth. The temperature measurements were made with thermo-
couples, and recorded versus time. The following quantities were measured:

1. The wet and dry bulb temperatures of the inlet air (TWI’TDI)

2. The wet and dry bulb temperatures of the heated air (TWH’TDH)

3. The wet and dry bulb temperatures of the exiting air (TWE’TDE)

4. The temperature of the cloth (T;)

5. The pressure change across the orifice (P)
The wet bulb temperatures apd the dry bulb temperatures at the exit were dif-
ficult to obtain. The wet bulb temperatures created a problem since they dried
while the cloth was drying. The system that gave repeatable results was using

a U-tube as a reservolr for the wet bulb and a cigarette lighter wick for the
bulb.
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THEMOCOUPLE

WICK

HEATING "2 y-TuBe

DUCT
WATER

NS

){

77777

/

AR

In measuring the dry bulb temperature, a shield had to be made for the thermo-
couple since it became wet from the droplets removed from the cloth during
mechanical extraction. The type of shields that were used are shown below:

TEST CLOTH
/ W THERMOCOUPLE

\ MOVABLE
) S SHIELD
F

/

SHELD —/

The movable shield for the thermocouple was used because it was found to give
the most repeatable results.

When these quantities were plotted versus time, the following input vari-
ables to the computer program were calculated.
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Volume flow rate of air

The mass

Q = A0 V2Gs P/p
AO = area of the orifice
C = coefficient of discharge

p = density of the air

Hyryx = Myviar/ (Pg - Py)

transfer coefficient (Hypy)

mass of water vapor transported from the cloth.

)

M =

WVT
This is obtained by using the psychrometric chart
Tyw> Typs Trys Tps b0 obtain the difference in the
anmount of water per pound of dry air in front of
and behind the test cloth.

MAI = mass flow rate of air entering

PS = saturated pressure at the temperature of the
cloth (obtained from T;)

P =

From Graphs 6,

vapor pressure of the heated air (obtained from
Ty Tay)

7, and 8, the following results were obtained:

T = 53
T . =76
AL Ty = 66
TAE = 56
MWVT = .00k2
Pq = 1990
Py = .0849
Bop = .196
HMTX/MAI = .001%2
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3. Heat transfer coefficient (HHTX)

Using the assumptions discussed in the computer program section:

Ye = AorFry(Tave - Tc)
QAC = heat transfer rate from the air to the cloth

5*—3

area of the cloth

Que = (CoMeTe + HgMyp + HpMyp) + Mo (Hy - Hp)

=g
I

Co = specific heat of the cloth

Mo = mass of the cioth

Hy = enthalpy of the water vapor per pound mass
at the temperature of the cloth

Hp = enthalpy of the liquid water per pound mass

at the temperature of the cloth

Hypy = (CMTo + B + BM o+ M (R = H)/(Tpn - To)A

From Graphs 6, 7, and 8, the following results were obtained:

To =55

T _ =76
AT
Tyvg = 66

L=

i
-\

(o)

MWVT = ,00k2 See mass transfer coefficient
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GRAPHS 1 - 8
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C = Mass of water in cloth vs. time
" Initial mass of water in cloth

™



OF)

o

ORIFICE PRESSURE DROP / FINAL ORIFICE PRESSURE DROP (P./P

Graph 5.

/P

=/ 135 R /P,

OF

o

0.9
0.8
0.7
0.6
0.5

0.4
03
0.2
0.1

I
I
I
I
I
I
i

I I [ A N N (NN N S H B

o) 0.2 0.4 0.6 0.8 1.0 1.2 1.4
PRESSURE CLOTH/ INITIAL PRESSURE OF CLOTH (P, /P;,)

Pressure drop across the cloth

Pressure drop across the orifice
V8. Initial pressure drop across the cloth

Final pressure drop across the flow orifice

76



TEMPERATURE (°F)

80

Tpi v
70+ oo
60— X
Xo X
X X X TWI ) ng—— -—
S0
x Temperature of Cloth
“} Exit Temperature
40 | I | | I l
0] 40 80 120 160 200 240
Graph 6. Temperature of cloth (inlet and outlet air vs. time).

[



TEMPERATURE (°F)

80

Tpi
X 00
F
70
Xoo
60— x©
X -] 0
o ° ] ° @ - -] oo oo oo xon
X Twi s Twe
e i S O X=X ————
50—
x Temperature of Cloth
:}Exit Temperature
R NN AN RN A NN AU U DN SN NN N
0 80 160 240 320 400 480 560
TIME (SEC)
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APPENDIX B

FLOW DIAGRAM AND PROGRAM LISTINGS
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sotor . - v =0 M=
Vector values x (1) Vector values y (1) H 1=1 H AIT-1 HWL L.

Y1 Fror
[T Fov Hyrx = .0132 |-—-| Hyrx = 1.79 }4—! ¢ = o "0222 Fc1 I._' X2 = .0065 Poy

t.g. 10,000

Varr - Yaz > -1

Tave = '5(TAE+TAIHTAE = -5(WW T = Ta1 H T, =T ld——

Pg = PSATT.(Tc)

Py = 2.698 Ppoyp/(Tayp+h60) Hﬁn = VAI*PA/SOJ—

——l:s = TAB.(T,X(1),¥%(1),1,1,1,24,1
; (¥-4¢) / (-¥g)

M1, = Acpfiypy(Ps-Py) 1k fiyp ]‘J

{ g = Aot Tave-Te ax H U = 4y - Fyyg(UGT.(70)- KT (1)) |—-[ Hag = 119.5 + .24 (T,g-40)

’_IJWI = Ram.(Typ) H iye = vz + H iy = »&AIH O MMJ——[ Hyp = 119.5 + 2.4(Ty ko)
l HWVE = HGT.(TC)

\_“_'l ROR = Myqllyr + Mty = (0 + Bygyp + MWV'EHHVEﬁI

———I 1‘ETDC=TC+TCH’i‘c=45(’l'Rl+TL1)-Tc

——’{ Bypre = T (T€)

Print Format

End of Program
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SINGLE PIECE OF CLCTH PROGRAM

REAC AND PRINT DATA
VECTUR VALUF5 X(1,"l-y2.y--'4.95.'00’7.980 ,9.,10-v11.,12.y

9 1340144 915¢9160917091809150920e921e922092309240

VECTOR VALUES Y(1)=.088649.0521940561,4.10C1,4,.1041,.1082,.1126

TGy lL71ye1217+01260ye13150013679+14209.1483,41532,.1593,

3 21652941 71649+1780941845494161849420379.2063,.2130

INTEGER TIME,PTIME, I
PRINT CCMMENTSTIME MWL PC VAI TC TAE

9 TAVES

=1
VAL =0.
C= 2.71828.P.(-,0222%PC1)

MWL=MWLI
 X2=.,0065%PCI

HATX=1.79

HMTX=,00132

T UPV=MWVIATOTPA/ (L 6224MWVI)

_THROUGH S1, FOR TIME =1,1,TIME 46.10000  correction Yo WMafe

2WHENEVER MWL/MWLI.G.C

3. MWL=MWL*(2.71828.F.(-X2)) ?fécﬁfom\ \Q&u\\s?*&a\o\

4.END OF CONDITIONAL * *
_WHENEVER VAIF-VAI .Cesl RS QP\h C..

PC=PCI*MWL/MWLT T
. WNENEYEK mwblmm: LE, ¢ TRASRR

-—

VAI =VAIF*({1.35-PC/PC1)ePeeb)
TL=TC - YoS\2

END OF CCNDITIONAL
TR=TAI -

CTAE = L5%(TR+TL) o SEIRITY wl [T L., Yt Tk O

TTAVE =.5% (TAI+TAE)
WHENEVER TC .LE.35,TRANSFER 10 §7

WHENEVER TC JLE.55.
T=TC-32. o
PS=TABe(ToX{1)yY(1)aly1y1424410

TRANSFER TO S11

END CF CONDITIONAL
PS=PSATT.(TC)

ARHO=2.698% TOTPA/ (TAVE+46C. )
MOAI=VAI*ARHO/60.
QDAC=ACL*HHTX* (TAVE-TC) #MLAT

. MDWL=ACLKXHMIX*{PS~PV)*144%MCAT
W= MWL /MC
WHENEVER W oLE. WC,MDWL =MDWL *(W=WE)/(WC-WE)

HVTC=HGT . (TC)
,HLTC HETL(TC)
=QDAC-MDWL *(HVTC-HLTC)
nﬁélfllﬁuéin&#LTAlwﬂQ-)
HAE=119 5+, 24%(TAE-40. )
MDWVI=MWVI*MDAT

MDAE=MDAIL

MDWVE=MDWVI+MCWL

HWVE= HGT.(TAE)}

_HWVI=HGTL(TAI) - I -
ROR=MOAT*HAT+MDOWV I%HWV I - (ULO+MCAEXHAE +MDWVE*HWVE)
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WHENEVER +AB8Ss ROR slLeel o TRANSFER TQ S2

_TR=TAE

~ UTHERWISE

WHENEVER ROR .L.0.

TRANSFER TO S2

TL=TAE
TRANSFER T S2

oS4

END OF CONDITIONAL

TL1= 35,

TR1=TAI

TDC= «5%(TRI1I+TLL)- TC
TCTEC=TC+TDC

HWLTC = HFT.{TC)

WHENEVER JKR.L.O0 . =

HDWLTC=HF T {TCTDC)=HFT.(1C)
JKR = {UL-(CCHMCHTDC-MDWLAHWLTC+EDOWLTC*MUWL ) )
WHENEVER +ABS. JKR «Le.1 s TRANSFER TO S6

TRL=TCTCC
OTHERWISE

36

JEND OF CONDITIONAL

S MWL=MWL-MDWL

TL1=TCTUC
TRANSFER T0 S4

TC=TCTDC
WHENEVER T +E. TIME :

CEND OF CONDITIONAL
WHENEVER W oLE. WE+.01*WE, TRANSFER TU S7

PRINT FOKMATSIH 414 4,6FB.4 %$, TIME MWL 4FPC,VAL,TC,TAE,TAVE
[=1+PTIME

CONTINUE
PRINT CCMMENT % TIME GREATER THAN 1000 %

57

END CF PROGRAN
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MACH INE PROGRAWM

REAC AND PRINT DATA
VECTOR VALUES X{1)=1092493094¢95096097¢98099291009114412.,

9 1349140 915091609170 91Be919e920e921le92209234924s
CVECTOR VALUES Y(1)=,0886,40521740961,.1001,.1041,.1082,.1126

vel171941217y0126Cyoa1315,41367941420441483,41532,.1593,
015524 417169+41780+418454¢1518,4.2037,.20634.2130

INTEGER TIME,PTIME,]
 PRINT COMMENTSTIME MWL PC VAL TC TAE
9 TAVES

I=1

C= 2.71828.P. (- OZZZ*PCI’

X2=43G*PCI*K
MWL=MKLI

HHT X=2.02
HMTX=.00132

PY=MWVI*TOTPA/ (L 622+MWVI)
THROUGH S1,FOR TIME=1,1,TIME.G.10000

MRLN=MWLXMCN/MC*60*K
 WHENEVER MWL/NNLI «GoC

MDWLN=MWLN*(1-2.71823.P. ( Xzr)y o
 MWL=MWL-MDWLN
END OF CONDITIONAL
WHENEVER VAIF-VAI .G..l
PC=PCI*MWL/MWLI
CVAI=VAIF*((1425-PC/PCI).Fas5)
END OF CONDITIONAL
_TL=1C

TR=TAI
52 TAE=.5% (TR+TL)
TAVE=.5%(TAT+TAE)
 WHENEVER TC oLE35,TRANSFER TQ S7
WHENEVER TC JLE. 55.
T=TC-32. )

PS=TAB(TyX(1) 4Y( 1)yl y191y24y1)

TRANSFER TO S11

END CF CONDITIONAL
PS=PSATT.(TC)

S11  ARHC=2.698%TOTPA/(TAVE+46C. )
CMDAI=VAI®*ARHO B,

QDAC=ACL*HHTX*(TAVE-TC ) #MCAT#K 1¥K
MOWLN=ACL*HMTX*{PS-PV)*144*MDAT*K1%K

W=MWL/ MC
WHENEVER W oLEe WC,MDWLN=MCWLN®(W-WE)/(WC-WE)

CHLTC=HFT . (TC) o

BVIC=HOT.LITC) . . R
UD=QDAC-MDWLN* (HVTC=HLTC)
HAL=11945+424%(TAI-40,)
HAE=119. 5+ 24%(TAE-40.)

_MDWVI=MWVI*MDAL ) _—

MDAE=MDAT
MOWVE=MDWVI+MOWLN . _

HAVI=HGT(TATI)
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FWVE= HGT . (TAE)
ROR=MDAI*HAT+MDWV I*HWV I= (LD +MCAE*HAE+MDWVE #*HW VE)
WHENEVER oABS. KOR oL, ol, TRANSFER TO S3
WHENEVER ROR .L.0.
TR=TAE .
TRANSFER TO S2
OTHERWISE
TL=TAE
TRANSFER TO S2

END OF CONDITIONAL
T T N i 3 B
TR1=TAI
S4 TDC= 5% (TR1+TLL)~ TG
TCTDC=TC+TDC
_ HWLTC = HFT.(TC)
HDWLTC=HFT . (TCTDC)-HFT.(T1C)
JKR = (UD=(CCHMCHTDC~MDWLN* L TC+HDWL TCHMKWL) )
WHENEVER .ABS. JKR oLe o1,TRANSFER TO S6
WHENEVER JKR.L.O .
TR1=TCTCC
OTHERWISE
TL1=TCTDC
END OF CONDITIONAL
TRANSFER TO S4
S6 MKL=MWL-MDWLN
TC=TCTDC
_ WHENEVER T o.E. TIME = -
PRINT FORMATS1H ,14,6F8.4 %$, TIME,MaL 4PC,VAI,TC,TAE,TAVE
_ I=1+PTIME
END OF CONDITIONAL
WHENEVER W oLE. WE+.OL%*WE,TRANSFER TO S7
51 CONTINUE
 PRINT COMMENT § TIME GREATER THAN 1000 $
57 END GF PROGRAM
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APPENDIX C

COMPUTER PROGRAM NOMENCLATURE

SINGLE PIECE OF CLOTH

ACL

ARHO

HHTX

HMTX

HLTC
HWLTC

HVIC

HDWLTC

HWVE

HWVI

MC

MDAE

MDAT

MDWL

MWL

]

]

area of the cloth
density of the air at temperature TAVE

the limit on the mass of water that can be removed
mechanical extraction

specific heat of the cloth

enthalpy of the air at the exit temperature
enthalpy of the air at the inlet temperature
heat transfer coefficient of the cloth

mass transfer coefficient of the cloth

enthalpy of the water liquid in the cloth at the
temperature of the cloth

enthalpy of the water vapor in the cloth at the
temperature of the cloth

change in the enthalpy of the water liquid in the
cloth due to the change in the temperature of the cloth

enthalpy of the water vapor at the exit temperature
enthalpy of the water vapor at the inlet temperature
mass of the cloth

mass flow rate of air at the exit

mass flow rate of air at the inlet

change in the mass of water liquid in the cloth

mass of water liquid in the cloth

88



PC - pressure drop across the cloth

PCT - initial pressure drop across the cloth

PTIME - time between the output printout

PS - saturation pressure at the temperature of the cloth

PV - vapor pressure of the water vapor at TAVE

QDAC - heat transver rate to the cloth

TAB.( ) - external function to interpolate the values of PS
for temperatures below 55°

™C - temperature of the cloth

TDC - change in the temperature of the cloth

TCTDC - TC + TDC

TAT - inlet temperature of the air

TAE - exit temperature of the air

TAVE - a&érage temperature of the air across the cloth

TOTPA - the total pressure of the air and wéter vapor

TL,TR,TLI,TRI ~ limits for the iterations to find TAVE and TDC

UuD - change in the internal energy of -the cloth, water,
and water vapor

W - ratio of the mass of water liquid to the mass of the cloth
WC - critical ratio W
WE - the ratio of W where the water in the cloth is in equilibrium

with the water vapor in the air
VAT - volume flow rate of air

VATF . = final volume flow rate of air
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MACHINE

MWLN - mass of water liguid at the nozzle

MDWLN - change in the mass of water liquid at the nozzle
MCN - mass of cloth at the nozzle

K - péfcentage of time that the cloth covers the nozzle
KT - the average number of thicknesses of cloth that

cover the nozzle

STEAM TABLES EXTERNAL FUNCTION
HGT.(T) - enthalpy of saturated water vapor at temperature T
HFT.(T) - enthalpy of saturated water liquid at temperature T

PSATT.(T) - saturation pressure of water at temperature T
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